One sentence summary: A prophage originating from a sedimentary E. coli strain increased the survival of a fecal E. coli strain in the marine environment.
INTRODUCTION
Escherichia coli is a highly versatile species capable of taking up a multitude of niches in a wide range of highly contrasting habitats. In animal bodies, the primary niche of E. coli is a commensal that colonizes the mucus lining of the lower intestines while there are also strains that take on the niche as intra-or extra-intestinal pathogens (Goosney, Gruenheid and Finlay 2000; Johnson and Russo 2002; Croxen and Finlay 2010) . Escherichia coli is also prevalent in the external environment as a result of host defecation and excretion (Brennan et al. 2010) . It is conventionally believed that E. coli as a symbiont should survive and reproduce poorly after leaving the animal hosts (Winfield and Groisman 2003) . However, mounting evidence indicates that some populations of E. coli live autochthonously in the external environment without known association with fecal contamination. For example, E. coli has been found persisting in forest and riparian soils that were protected from recent fecal input (Byappanahalli et al. 2006; Ishii and Sadowsky 2008) . In addition, culturable E. coli was observed to leach continuously from the soils of outdoor lysimeters for over 9 years after the last adding of fecal material (Brennan et al. 2010) .
The results of lab studies suggest that environmental matrices such as sediment, beach sand, soil and periphytons could provide conditions (e.g. moisture, surface for attachment, nutrients for growth and protection from solar radiation) that are suitable for E. coli to survive and reproduce (Badgley et al. 2010; Garzio-Hadzick et al. 2010; Ishii et al. 2010; Moreira et al. 2012) . However, E. coli would still need to cope with a wide range of stresses that are qualitatively and quantitatively different from those in the animal bodies, and compete with a dense community of indigenous bacteria so as to establish a niche in the external environment. How E. coli is able to do so and how such traits have been acquired remain open questions (Savageau 1983; Whittam 1989; Ishii et al. 2006) . The answers to these questions are essential to the comprehensive understanding of the evolution, biogeography and ecophysiology of E. coli beyond the well-investigated lab model strains, commensal isolates and pathogenic serotypes.
Lysogeny, a phage-mediated horizontal gene transfer mechanism, has contributed greatly to the genome plasticity of E. coli that underlies a vast intraspecific diversification of phenotypic and ecologic characters (Bergthorsson and Ochman 1998) . The complete genome sequences of E. coli currently present in the Genbank vary by as much as 1.9 Mb in size, ranging from 4.0 to 5.9 Mb. In the pangenome identified for commensal and pathogenic E. coli strains, only 11% of the genes are associated with the core genome (Kaas et al. 2012) . Remarkably, prophages constituted 26% of the strain-specific genes in the accessory genome (Touchon et al. 2009) . Through the addition of new genes and the regulation of bacterial genes, prophages play phenomenal roles in shaping the metabolism, physiology, pathogenicity, and hence ecological niche of E. coli in animal bodies (Kwon, Seong and Kim 2013; Wiles et al. 2013 ). For instance, many genes encoding for factors that enable E. coli to attach and colonize animal tissues are prophage-like elements. Some of the factors such as the locus of enterocyte effacement-encoded proteins also confer pathogenicity (Le Gall et al. 2007) . The prophageencoded Shiga-toxin genes mediate the evolution and diversification of the enterohemorrhagic O157:H7 (Ohnishi, Kurokawa and Hayashi 2001; Hayashi, Makino and Ohnishi 2001; Wick et al. 2005) . In the extraintestinal pathogenic E. coli CFT073, the prophage-borne neaT gene confers niche-specific advantages for systemic infection in a zebrafish model (Wiles et al. 2013) . Notably, neaT exhibited signatures of recent transfer from an extraphyletic source, likely Bacteroidetes or Firmicutes, into the proteobacterial pangenome. Studies using model strains such as K-12 and its derivatives have also indicated prophages as important mediators of context-specific functions such as biofilm formation, energy conservation, and protection against antibiotics, osmotic and acid stress (Chen et al. 2005; Wang et al. 2010; Veses-Garcia et al. 2015) .
It has been estimated that on the global scale half of the total population of naturally occurring E. coli exists outside animal bodies, although recent findings suggest that some of the strains observed are evolutionarily too distinct to be classified as E. coli (Walk et al. 2009 ). However, the evolution, physiological character and ecological niche of the E. coli populations residing outside animal bodies remain largely unknown (Luo et al. 2011) . Building upon the knowledge about the important roles that prophage-encoded genes play in shaping the niche of commensal and pathogenic E. coli, we hypothesize that lysogeny is a possible mechanism to mediate the fitness of E. coli in the external environment.
In this study, we investigated for the first time possible effects of lysogeny on the survivorship of E. coli in external environmental matrices. This was achieved using three E. coli strains as the model organisms, and the microcosms of autoclaved seawater and marine sediment, and filter-sterilized sediment interstitial water as the test environments. One E. coli strain was isolated from intertidal sediment and another one from pig feces. The third strain was an isogenic lysogen of the fecal strain that was infected by a phage induced from the first strain. The sediment strain survived in seawater and sediment microcosms better than the fecal strain did. More importantly, the isogenic lysogen of the fecal strain, which carried a prophage of the sediment strain, also exhibited better survivorship than the wild type fecal strain. The phenotypes of the three strains, including swimming motility, glycogen accumulation, biofilm formation, substrate utilization and stress resistance, were compared in order to determine what traits have been acquired through lysogeny.
MATERIALS AND METHODS

Escherichia coli strains
Three E. coli strains, namely E1140, E455 and E455-L were involved in this study. Strain E1140, which belongs to phylogenetic group B1, was isolated from the surface sediment (<10 cm deep) of an intertidal mudflat at a Site of Special Scientific Interest in eastern Hong Kong with no obvious anthropogenic pollution (22.412 • N, 114.275
• E). Strain E455, which is affiliated with phylogenetic group A, was isolated from the freshly voided feces of pigs living in a farm in western Hong Kong (22.486 • N, 114.006
Strain E455-L was created by infecting E455 with the phages induced from E1140 as detailed in Supplementary Information 1 (available online). The identity of E455-L as being an isogenic lysogen of E455 was confirmed by further infection assays, PCRgenomic fingerprinting and genome sequence analysis (Supplementary Information 2, available online).
Whole genome sequencing analyses
The draft genome sequences of E1140, E455 and E455-L, as published elsewhere (Lai et al. 2014) , were obtained using 300-bp insert pair-end libraries on the Illumina HiSeq2000 system (San Diego, CA, USA) and 10-kb insert single molecule, real-time (SMRT) technology on the PacBio RS system (Menlo Park, CA, USA). The reads were de novo assembled manually into contigs using Celera Assembler (Denisov et al. 2008) , version 8.1 (for E1140) and 8.2 (for E455 and E455-L). The assembled contigs of the three strains were concatenated separately into three single sequences for assessing genome rearrangements by Genome Pair Rapid Dotter (Krumsiek, Arnold and Rattei 2007) and Mauve software (Darling et al. 2004 ). The concatenated sequences of E455 and E455-L were compared using Mauve to detect single nucleotide polymorphisms (SNPs) and genome modifications (deletions or insertions). The protein coding sequences (CDS) were predicted and annotated by using RAST (Aziz et al. 2008) . Homologous comparison of all the genes identified was performed by using BLAST with Kyoto Encyclopedia of Genes and Genomes (Kanehisa and Goto 2000) for function classification. Regions of prophage genes were identified using PHAST (Zhou et al. 2011) and Prophinder (LimaMendez et al. 2008) . While PHAST requires either raw or annotated sequences, Prophinder works with annotated ones only.
Tryptic soy broth growth assay
The growth of E455, E455-L and E1140 in 1X tryptic soy broth (30 g L −1 , TSB; Oxoid; Basingtok, UK) was determined by measuring absorbance at 600 nm (OD 600 ). One milliliter of overnight culture was inoculated into 10 ml fresh medium and incubated at 37
• C with shaking (150 rpm) until the culture reached exponential phase (OD 600 = ∼0.2). After that the culture was divided into 500 μl aliquots. Each aliquot was inoculated into 5 ml fresh medium and incubated at 25, 30 and 37
• C, respectively, with shaking at 150 rpm. One tube was taken for absorbance measurement every 20, 30 or 45 min after inoculation. Triplicate assays were performed. The maximum specific growth rate μ max was calculated using the steepest slope between four consecutive time points (Berney et al. 2006) .
Microcosms
The survivorship of E1140, E455 and E455-L in external environmental matrices was tested using microcosms of seawater, intertidal sediment and sediment interstitial water, respectively, all at 30 • C. All microcosm experiments were conducted twice.
Seawater for the microcosms was collected from the shore near the Coastal Marine Laboratory of Hong Kong University of Science and Technology. The seawater was autoclaved and filtered through 0.22 μm and 100 kDa tangential flow filtration (TFF) cartridges to remove bacteria and viruses, respectively. For each E. coli strain, triplicate overnight cultures were harvested and suspended in the filtered seawater to reach the final cell density of ∼3 × 10 4 colony-forming units (CFU) ml −1 . Then the suspensions were incubated in a dark shaker incubator (150 rpm) at 30
• C for 4 days. Cell density was checked every 12 h in the first day and every 24 h in the subsequent days. At each time point, serially diluted bacterial suspensions were filtered onto 0.45 μm membranes and incubated on tryptic soy agar (TSA; Oxoid; Basington, UK) at 37
• C overnight for subsequent enumeration of colony-forming units. Sediment for microcosms was collected from the intertidal mudflat where E. coli E1140 was isolated. Escherichia coli suspensions at ∼1.5 × 10 4 CFU ml −1 were prepared as described above.
For each E. coli strain, 1 ml cell suspension was thoroughly mixed with 50 g autoclaved sediment. The mixture was transferred into a 50 ml centrifuge tube, overlaid with 0.22 μm filtered seawater, and incubated at 30
• C in the dark. Cell density in the sediment was checked every 24 h during the first 5 days; the intervals between time points continuously increased from 48 h to 168 h (7 days) over the next 68 days. At each time point, 50 g sediment was shaken in 100 ml 1% sterile peptone water for 30 min (250 rpm). Then, the supernatant was centrifuged (1000 rpm, 2 min) to remove the large particles (Craig et al. 2004) . Escherichia coli concentration in the supernatant was enumerated using the method described for the seawater microcosm experiment. Interstitial water was obtained by the centrifugation of intertidal sediment at 2000 rpm for 10 min. The supernatant was filtered through 0.22 μm and 100 kDa TFF cartridges to remove bacteria and viruses, respectively. The experimental procedures were the same as the seawater microcosms described above, except that seawater was replaced by interstitial water.
Phenotypic tests
Phenotypic tests including glycogen accumulation, swimming motility, biofilm formation and phenotypic microarray were performed using overnight cultures of the three E. coli strains in triplicate. An incubation temperature of 30
• C was used for all tests.
Glycogen accumulation was tested as previously described (Govons et al. 1968) . Escherichia coli was spotted onto M9 agar with 0.4% glucose. After 2 days of incubation, the colonies formed were stained in an iodine solution for 3 min, and the color of colonies was captured by using a camera within 1 min after the staining. The color intensity of the colonies, which is proportional to the amount of glycogen accumulated, was quantified using ImageJ (Abràmoff, Magalhães and Ram 2004) . Escherichia coli E4702 and E. coli E792 were used as positive control and negative control, respectively.
Swimming motility was investigated by inoculating E. coli into semisolid motility agar (Luria-Bertani broth solidified with 0.3% agar) as in a previous study (Barker et al. 2004) . After 1 day of incubation, the diameter of the colonies formed was measured using digital imaging and the ImageJ software. Escherichia coli K-12 MG1655 and E. coli E1728 were used as positive control and negative control, respectively.
To test for biofilm formation, the culture of each E. coli strain was diluted 10-fold in fresh 0.2X TSB as well as in fresh 1X TSB. The dilution was transferred to 96-well microtiter plates and incubated for 3 days. After that, the plates were rinsed with autoclaved water and stained with 0.1% crystal violet (Sigma-Aldrich; St. Louis, MO, USA) for 10 min. Excessive stain was removed by rinsing with autoclaved water. Stain remaining in the well was dissolved in 30% acetic acid and measured for OD 600 (Burton et al. 2007) . TSB broth without inoculation was used as a negative control while E. coli G23 was used as a positive control.
The metabolic profiles of E455, E455-L and E1140 were determined using the OmniLog Phenotype Microarrays system (Biolog; Hayward, CA, USA). The E. coli strains were tested on PM1 and PM2 (carbon sources), PM9 (osmolytes) and PM10 (pH) in triplicate using the manufacturer's procedure. Bacterial growth data, which integrated the lag time, slope and maximum value of the growth curve in each test, were collected over 7 days of incubation at 30
• C and analyzed using the opm R package (Vaas et al. 2013) . The data were normalized by an R pipeline to minimize plate-to-plate variation between replicates (Vehkala et al. 2015) .
Statistical analyses
To measure the growth of E. coli in the microcosms, the maximum specific growth rate (μ max ) was calculated as the steepest slope between two time points on the population dynamics curve. For population decay, the first-order inactivation rate constant, k max , was determined using the best-fit model in the GInaFiT package (Geeraerd, Valdramidis and Van Impe 2005) . The values of μ max and k max obtained from the three E. coli strains were first checked for normality and heterogeneity using a variance test. Data sets that passed the two tests were subsequently compared for differences using one-way ANOVA (95% confidence interval) followed by post hoc Tukey's test.
RESULTS AND DISCUSSION
Genome relatedness of the three E. coli strains
The genome sequences of the three E. coli strains in this study and the genome sequences of E. coli K-12 shared 98.55-99.05%
average nucleotide identity (ANI) for the genes that they had in common. The fecal strain E455 and its isogenic lysogen E455-L had 100% ANI whereas the ANIs between these two strains and E1140 were 98.56 and 98.57%, respectively. The comparison of the genome sequences of E455 and E455-L using a dot-plot revealed no observable chromosomal rearrangement between the two (Supplementary Information 3, available online). The visualization of whole genome alignment in the Mauve diagram also gave the same conclusion about chromosome arrangement between E455 and E455-L, while substantial differences were observed between the two strains and E1140 (Supplementary Information 4, available online). Further genome sequence analysis indicated that E445-L had 72 538 bases extra and was missing 59 890 bases in comparison to E455. These differences were mainly associated with the insertion of a P2-prophage derived from E1140 (discussed below) and the rest being contig gaps and insertion/deletion sites. The two genome sequences also had 81 nucleotide positions being identified as single nucleotide polymorphisms. At present, we are unable to determine whether the insertions/deletions and substitutions were actual genome modification or sequencing errors, unless they are further investigated by using PCR and completing their whole genome sequences. Nonetheless, the results of genome sequence analysis (further discussed below) together with those of PCR-genomic fingerprinting and infection assays (Supplementary Information 1 and 2) are in support of E455-L being an isogenic lysogen of E455.
Prophages associated with the three E. coli strains E1140 was observed carrying six or seven prophage regions, depending on the method of sequence analysis being used (Table 1) . Among the six regions commonly detected by all three methods were two P2-like prophages that shared 69% similarity in their DNA sequences. These six prophage regions were classified as intact by using the scoring system of PHAST (Table 1). Indeed, the DNA sequences of these regions were also found among the randomly amplified DNA of the phage particles induced from E1140, verifying their association with E1140 as inducible prophages (Supplementary Information 5, available online). In contrast, a prophage region that was detectable only by using PHAST analysis of the raw genome sequence was not observed among the randomly amplified DNA sequences of the induced phages. When the draft genome sequence of E455 (raw or annotated) was analyzed using PHAST, it was observed carrying two prophage regions (Table 1) . One was an intact region closely related to enterobacteria phage HK629 and the other was an incomplete region closely related to Salmonella phage SPN9CC. The analysis using Prophinder detected not only the two prophage regions but also an additional region that was closely related to an enterobacteria lambda-like phage.
All the prophage regions observed for E455 were also found in the draft genome sequence of E455-L. More importantly, E455-L was observed carrying an extra P2-like prophage, which was detected by all sequence analysis methods used (i.e. PHAST or Prophinder; raw or annotated). This P2-like prophage was identified to be 29.3-34.8 kb in size with 40-46 CDS, depending on the method of analysis being used (Table 1 ). The CDS include 31 phage structural genes, 6 phage regulatory genes, 1 putative reverse transcriptase and 8 genes of unknown functions (Supplementary Information 6, available online) .
The DNA sequence of the extra P2-like prophage in E455-L was identical to one of the two P2-like prophage regions observed for E1140. The phage-host junctions (attL, attR) of the P2-like prophage was predicted by using PHAST (Supplementary Information 6). The bacterial attachment sites (attB) in both E455-L and E1140 were identical. The attP sites of the P2-like prophage in E455-L was also identical to those in E1140. The P2-like prophage in E455-L was also inducible as indicated by the sequencing of the randomly amplified DNA of the phage particles induced from the strain (Supplementary Information 7) . As indicated above, we isolated E455-L from a turbid plaque on the lawn of E455 treated with a phage-containing lysate of E1140. By analyzing the genomes of the three E. coli strains and the randomly amplified DNA for their induced phages, we ruled out the possibility of E455-L being a contaminant or a resistant mutant, and confirmed it as an isogenic lysogen of E455 that had been infected by a P2-like phage induced from E1140.
Besides integration into host chromosomes, temperate phages may integrate into plasmids or exist as independent plasmids (Casjens, 2003) . Presumably, such integration had not occurred for E455-L, since we did not observe differences in the number and sizes of plasmids extracted from E455 and E455-L (Supplementary Information 8, available online). Nonetheless, this needs to be confirmed by sequencing of the plasmids of the three E. coli strains.
Growth and survivorship under different lab conditions
All three strains exhibited typical log-linear growth when incubated in 1X TSB at 25, 30 or 37
• C, which approximated the median and the highest temperatures of the surface water in Hong Kong (Hong Kong EPD which approximated the median and the highest temperatures of the surface water in Hong Kong (Hong Kong EPD 2016) and the body temperature of pigs, respectively. The specific growth rates of the three strains, as determined on the basis of the optical density of the batch cultures, increased significantly with incubation temperature (P ≤ 0.001) without significant differences between strains (P ≥ 0.058, Fig. 1 ).
Contrasting with the continuous growth in nutrient-rich broth, the three strains underwent deactivation in seawater microcosms over 4 days of incubation at different rates as determined on the basis of colony-forming units (P < 0.05, Fig. 2c ). The fecal strain E455 had a faster deactivation (4.38 ± 0.029 day −1 ) than the sediment strain E1140 (1.69 ± 0.02 day −1 ), while the lysogen E455-L had a deactivation rate (2.63 ± 0.08 day −1 ) in between those of E455 and E1140. The deactivation of E. coli in seawater is commonly attributed to the high salinity and low nutrient conditions as major stresses . In contrast to the seawater microcosms, the three E. coli strains exhibited population growth in the first 24 h in the sediment microcosms followed by continuous deactivation over the next 18 weeks (Fig. 2a) . The fecal strain deactivated the fastest (0.28 ± 0.01 day −1 ) while the sediment strain was the slowest (0.07 ± 0.01 day −1 ); the lysogen had an intermediate rate (0.14 ± 0.01 day −1 ). Nonetheless, all deactivation rates in sediment were significantly lower than those in the seawater microcosms. This phenomenon has been observed in many other studies and was attributed to the presence of higher amounts of organic nutrients in sediment and the sediment grains providing extensive surfaces for the formation of biofilms, which helped E. coli to survive (Gerba and McLeod 1976; Stephenson and Rychert 1982; Pommepuy et al. 1992; Anderson, Whitlock and Harwood 2005; Thomason et al. 2012 ). Prior to deactivation in the sediment microcosms, all three E. coli strains exhibited rapid growth within the first 24 h of incubation, with no significant differences in growth rates be- GC, guanine-cytosine; N.A., not applicable. Raw sequences (raw) or annotated (ann.) sequences of the three genomes were analyzed by two web-based prophage region-predicting tools: PHAST (PT) and Prophinder (PR). The predicted prophage regions were BLAST searched against a phage database and results of the closest match are shown. Completeness of the prophage was assigned by PHAST according to a scoring system. CDS corresponds to the number of coding sequences predicted by PHAST or Prophinder. a indicates the homologous prophage sequence in both E1140 and E455-L.
tween them (maximum growth rate >4 day −1 ; P > 0.785). This observation suggested that the three E. coli strains were able to reproduce by utilizing the dissolved substrates of the sediment matrix as the sole source of nutrient (Garzio-Hadzick et al. 2010) . This is also supported by the growth observed in interstitial water microcosms, which contained the dissolved substrates of the sediment matrix (Fig. 2b) . The maximum growth rates of the three strains in the interstitial water did not differ from each other (rate >1.5 day −1 , P > 0.982). Nonetheless, the magnitude of growth was higher in the sediment than in the interstitial water, presumably due to the former providing surfaces for biofilm formation and containing a wider range of nutrients (Pommepuy et al. 1992; Garzio-Hadzick et al. 2010) . The microcosm experiments were repeated and the results of the second trial are stated in Supplementary Information 9 (available online). The patterns of growth and deactivation of the three E. coli strains were consistently observed in the two trials. The resources and stresses that E. coli encounters in the animal body and the external environment are drastically different. Savageau (1983) hypothesized that E. coli was adapted to cycling between the two habitats through the fecal-oral route by having evolved a dual regulatory system to control gene expression under two different sets of environmental conditions. This is supported by the highly conserved ecophysiological traits observed for 25 E. coli strains of animal and environmental sources (Ihssen et al. 2007 ). On the contrary, Whittam (1989) proposed that an E. coli population leaving the animal body was under strong selective pressure for traits suitable for survival in the external environment, and that some strains would be better adapted to the former and some to the latter. Ishii et al. (2006) further postulated that E. coli in the external environment could go through genetic changes, become fully adapted, and survive as an autochthonous population. The mechanism for E. coli to adapt to the contrasting habitats of animal bodies and external environment still remains unclear. Our results showed that isogenic lysogen E445-L had lower deactivation rates than its wild type E445 when exposed to seawater and sediment, although they did not differ in growth rates when exposed to nutrient-rich medium, sediment interstitial water or the sediment matrix during the first 24 h of incubation. Nonetheless, these results are in support of our hypothesis that lysogeny could be a mechanism to mediate the fitness of E. coli in the external environment.
Phenotype profiling
Compared to the relatively stable and resourceful animal guts, conditions in the natural environment are more dynamic and challenging. One of the major stresses that E. coli encounters in the external environment is nutrient depletion. The ability to exploit nutrients has been known to be a crucial factor for E. coli to grow and resist other stresses in the environment (LopezTorres, Prieto and Hazen 1988; Rozen and Belkin 2001; van Elsas et al. 2011) . In this study, we compared the three E. coli strains for their capacity in nutrient acquisition, storage and utilization.
Glycogen is the primary energy storage for E. coli to withstand temporal nutritional deficiency (Boos and Shuman 1998; Wilson et al. 2010) . The accumulation of glycogen has been shown to support E. coli to persist and colonize the environment . The amount of glycogen accumulated by E455, E455-L and E1140 on M9 agar (supplemented with 0.4% glucose), as indicated by color intensity of iodine stained on the bacterial colonies, was 124, 127 and 127 arbitrary units, respectively (Fig. 3a) . There were no significant differences (P > 0.455) between the three strains over 2 days of incubation.
Swimming motility and biofilm formation are related to the acquisition of nutrients in the environment. Among the three E. coli strains, E1140 formed significantly larger colonies (6.44 ± 0.81 cm 2 , P ≤ 0.001, Fig. 3b ) on the nutrient-rich motility agar than the other two strains E455 (0.62 ± 0.16 cm 2 ) and E455-L (0.66 ± 0.20 cm 2 ), suggesting that only E1140 adopted a motile lifestyle when nutrients or energy were sufficient. E455 and E455-L did not differ significantly in swimming motility (P > 0.569). The results of the biofilm formation test also suggested that the fecal strains adopted a sessile lifestyle in nutrient-rich conditions (1X TSB, Fig. 3c ). This is indicated by E455 and E455-L being able to form significantly stronger biofilms, which retained higher concentrations of crystal violet stains (A 600 = 1.09 ± 0.17 and 1.06 ± 0.07, respectively) than did E1140 (0.37 ± 0.06) (P < 0.001). In contrast, none of the three strains were able to form detectable biofilm in relatively dilute medium (0.2X TSB, A 600 < 0.3, P > 0.156, Fig. 3c ). The results were consistent with other studies that E. coli motility and biofilm formation may interconvert in response to changes in nutrient availability (Thomason et al. 2012) .
In the natural environment, the quality and quantity of carbon substrates vary substantially between habitats. The ability to utilize a wide range of substrates in an efficient way increases the chance for E. coli to persist in the environment and compete with the indigenous bacteria. In this study, the carbon utilization profile of the three E. coli strains was assessed in the OmniLog Phenotype Microarrays system. In this system, cellular respiration irreversibly reduces the soluble tetrazolium violet in the test medium to the insoluble formazan dye, which accumulates over time. Bacterial growth in response to a carbon substrate would result in exponential increase in formazan dye concentration whereas bacterial respiration without growth would result in only very slow accumulation of the dye. Therefore, the data of dye accumulation generated by the OmniLog Phenotype Microarrays are often used for the assessment of bacterial growth (Vorwerk et al. 2014; Orro et al. 2015) .
Among all sole carbon sources tested, 83 could not support the growth of any of the three E. coli strains while 32 supported the same level of growth in all three strains (P ≥ 0.184, Fig. 4 ). E455 and E455-L were able to grow in 25 carbons without differences between strains, but their growth differed significantly from that of E1140 (P ≤ 0.001, Fig. 4 ). Compared to E455, the utilization of 37 carbons (mostly carbohydrates) were upregulated in E455-L and the utilization of 12 carbons were downregulated (mostly carboxylic acids). In addition, the growth of E455-L in methyl pyruvate, propionic acid and l-glutamine reduced by 61-69% in comparison to that of E455. The growth of E1140 in these carbon substrates was also 25-33% lower than that of E455.
The carbon utilization profile of E. coli is known to vary substantially between strains that occupy different niches in animal hosts. For example, the pathogenic E. coli O157:H7 strains exhibited carbon utilization patterns that were different from those of commensal isolates in 19 out of 95 carbon sources tested in the phenotype microarrays (Durso, Smith and Hutkins 2004) . It was also shown that E. coli O157:H7 and the commensal strain EDL933 had different preferences for the variety of sugars present in mouse gut. These results are in support of the hypothesis that intraspecific diversification of carbon utilization profiles can reduce competition between strains that co-exist in the same habitat (Fabich et al. 2008) . In our case, the insertion of a prophage resulted in a shift in the recipient's (E455-L) carbon utilization profile in resemblance to that of the phage donor (E1140). This suggests that lysogeny is a possible mechanism for E. coli to acquire a new nutrient utilization profile that may help diversify their niches from the wild type strain. Comparison of the three E. coli strains for differences in metabolic activity when utilizing alternative carbon sources (PM1 and PM2), under osmotic (PM9) or under pH (PM10) stresses. Reactions in PM1 and PM2 were categorized by the chemical nature of the carbon substrates. PM9 and PM10 were classified by the type of osmotic stress or pH stress acting on the E. coli. Data shown are the numbers of tested reactions that (i) all three strains showed no detectable growth, (ii) all three E. coli strains had detectable growth and without significant difference in their metabolic activity level, (iii) E455 and E455-L showed no significant difference, and (iv) E455 and E455-L showed significant differences.
Apart from nutrient utilization, stress resistance is also an important fitness attribute for E. coli to survive in an external environment. The growth of the three E. coli strains under 192 osmotic and pH conditions were tested. All E. coli strains had growth in 122 test conditions. Among these conditions, E455 and E455-L had the same level of growth in 40 of them, and their growth rates were significantly different from that of E1140 (P ≤ 0.049). Compared to E455, E455-L had a larger magnitude of growth in 24 conditions (P ≤ 0.033) and smaller magnitude of growth in 6 conditions (P ≤ 0.033). In particular, E455-L grew faster than E455 in high salinity (NaCl 6%) and in the presence of six types of compatible solutes; γ -amino-N-butyric acid is the only osmolyte that appeared to suppress the growth of the former. These results suggest that osmotic regulation is a possible survival benefit conferred by the P2-like prophage. For the test of growth in different pH levels, the lysogen E455-L generally has similar or better growth than the wild type E455 in both acidic and alkaline conditions, except for the addition of two hydrophobic amino acids, norleucine and tryptophan, which resulted in the lysogen being less acid tolerant.
Generally, the results obtained from the phenotypic microarrays indicated that E455 and E455-L had similar levels of growth under 80% of the conditions tested. In the remaining 20% of test conditions where the two strains had different growth rates, the response of lysogen E455-L appeared to be more similar to that of the prophage donor E1140, suggesting that the physiological changes between E445 and E455-L were brought about by the transferred P2-like prophage from E1140.
Effects of lysogeny
The effects of lysogeny on bacterial host physiology have been well studied through the elimination of prophage sequences from the wild type (Wang et al. 2010; Yu et al. 2015) or through the introduction of prophages to the hosts (Edlin, Lin and Bitner 1977) . This is the first study that aims to investigate lysogeny as a possible mediator of E. coli fitness in external environments. We used a prophage donor isolated from marine sediment (E1140). Its induced P2-like prophage was able to infect a fecal strain E455 and generate an isogenic lysogen E455-L with some ecophysiological traits being more similar to the prophage donor than to the wild type parent strain. P2-like prophages have a wide distribution in E. coli genome and a broad host range within γ -proteobacteria. In the E. coli reference collection (ECOR) that contain strains from a wide range of animal hosts, 26% of the strains contain a P2-like prophage (Nilsson, Karlsson and Haggård-Ljungquist 2004) . P2-like prophages were also found in many other species within the γ -proteobacteria including Haemophilus influenza (Esposito et al. 1996) , Pseudomonas aeuginosa (Nakayama et al. 1999) , Vibrio cholera (Nesper et al. 1999) and Salmonella typhimurium (Mirold et al. 2001) . The broad host range of P2-like phages are attributed to their tail fibers being similar to those of several phage families (Mu, P1, λ, K3 and T2), making the P2-like phages able to alter host ranges under selective pressure (Haggård-Ljungquist, Halling and Calendar 1992) .
Currently, we are unable to determine whether E1140 is a long-term resident of the sediment or is derived from recent fecal pollution, and how E1140 has acquired the P2-prophage in the first place. Without any presumption of the actual ecological niche of E1140 or the history of the association between the P2-like prophage and E1140, the results in this study indicate that a prophage inserted into an E. coli host would inflict tractable changes in phenotypic traits, including enhanced survival in environmental matrices external to animal bodies. The traits were associated with both stress resistance and resources acquisition. In particular, the lysogen showed better growth than the wild type in a broad range of carbon substrates and under osmotic or pH stresses, while suppressed growth was observed only in a relatively small percentage of test conditions. These results altogether are in support of our hypothesis of lysogeny being a possible mechanism to mediate ecophysiological traits that have an effect on the fitness of E. coli in environments outside animal bodies.
Bacteriophages can alter the host's physiology by bringing new functional genes to the bacterial genome (Kwon, Seong and Kim 2013; Wiles et al. 2013 ), or they may carry genes that regulate the transcription of bacterial genes (Wang et al. 2010) . Some prophages can act as a regulatory switch to a bacterial operon when they insert into/excise from the bacterial chromosome (Feiner et al. 2015) . In this study, the molecular mechanisms causing the observed changes in the ecophysiological traits of the isogenic lyosgen are unclear. None of the 46 genes carried by the P2-like prophage (31 phage structural genes, 6 phage regulatory genes, 1 putative reverse transcriptase and 8 genes of unknown functions) have been reported to have effects on bacterial survival or nutrient utilization. In addition, the insertion site of the P2-like prophage was in a non-coding region of E455-L between a hypothetical protein and a putative protease with no operon being disturbed. It is also unlikely that the excision of the P2 prophage can act as a regulatory switch for gene functions either. There are insertion/deletion and substitution sites on the draft genome sequences. These could have effects on ecophysiological traits if they are not sequencing errors and they are located in a gene operon, which can only be determined by completing the genome sequences. Nonetheless, the relationship between E445 and E455-L as wild type and isogenic lysogen are well supported by a multitude of evidence (genome sequencing, PCR-DNA fingerprint of the genome DNA and phage DNA, and assay for superinfection immunity) and the enhanced survival of the lysogen E455-L in sediment and seawater was clear and repeatable. Therefore, the E. coli strains in this study can serve as a model to further investigate the molecular mechanisms and metabolic pathways that can affect the survival of E. coli in the natural environment.
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